Current automated continuous-monitoring blood culture systems afford more rapid detection of bacteremia and fungemia than is possible with non-instrument-based manual methods. Use of these systems has not been studied objectively with respect to impact on patient outcomes, including hospital charges and length of hospitalization. We conducted a prospective, two-center study in which the time from the obtainment of the initial positive blood culture until the Gram stain was called was evaluated for 917 cases of bloodstream infection. Factors showing univariate associations with a shorter time to notification included higher body temperature and respiratory rate and higher percentage of immature neutrophils. Multiple linear regression models determined that the primary predictors of both increased microbiology laboratory and total hospital charges for patients with bloodstream infection were nonmicrobiologic and included length of stay and host factors such as the admitting service and underlying illness score. Significant microbiologic predictors of increased charges included the number of blood cultures obtained, nosocomial acquisition, and polymicrobial bloodstream infections. Accelerated failure time regression analysis demonstrated that microbiologic factors, including time until notification, organism group, and nosocomial acquisition, were independently associated with length of hospitalization after bacteremia, as were the factors of admitting service, gender, and age. Our data suggest that an increased time to notification of bloodstream infection is independently associated with increased length of stay. We conclude that the time to notification is an obvious target for efforts to shorten length of stay. The newest generation of automated continuous-monitoring blood culture systems, which shorten the time required to obtain a positive result, should impact length of hospitalization.
Bloodstream infections (BSIs) are now ranked as the 10th leading cause of death in the United States, with a recent increase in age-adjusted death rates (19) . BSIs also have been associated with increased rates of hospitalization (2, 18) , increased length of stay (23, 25) , and increased hospital costs (1, 7, 21) . The earliest possible identification of BSI allows for prompt optimization of antimicrobial therapy and diminished need for additional diagnostic studies, which in turn may serve to decrease both length of stay and cost.
Current automated continuous-monitoring blood culture systems afford more rapid detection of bacteremia and fungemia than is possible with non-instrument-based manual methods (5, 13, 14, 24, 27) . Detection with continuous-monitoring systems has been estimated to be 1 to 1.5 days sooner than with instrumented blood culture systems that do not employ continuous monitoring (17) . While such a decrease in detection time may seem intuitively important, use of these systems has not been studied objectively with respect to impact on patient outcomes, including hospital charges and length of hospitalization. Additionally, although the species of microorganism is known to affect the time to detection (8) , other determinants of a shorter time to detection have not been examined. The intent of the present investigation was to explore factors associated with a shorter time to detection of BSI and to examine the impact of these factors on the outcomes of charges and length of stay. Our group has reported factors associated with the outcomes of antimicrobial therapy (20) and mortality (D. J. Diekema, S. E. Beekmann, K. C. Chapin, K. A. Morel, E. Munson, and G. V. Doern, submitted for publication) elsewhere.
MATERIALS AND METHODS
Setting. This prospective study was conducted at the University of Iowa Hospitals and Clinics (UIHC) and at the Lahey Clinic Medical Center from February 1999 to July 2000. UIHC is an 813-bed tertiary referral teaching hospital with 41,460 admissions per year and serves Iowa and the border areas of surrounding states. The Lahey Clinic Medical Center is a 249-bed community-based teaching hospital with 16,703 admissions per year and serves eastern Massachusetts.
Patient eligibility. All patients admitted to the UIHC or Lahey Clinic Medical Center between February 1999 and July 2000 who had a positive blood culture by the BacT/Alert system were eligible for enrollment based on the first positive culture for each bacteremic or contamination episode.
A patient was eligible to be enrolled more than once if a new microorganism(s) was detected as part of a distinct septic episode. Patients with false-positive signals (no organisms on Gram stain or subculture from blood culture bottle), patients younger than 16 years of age, patients not admitted to the hospital, autopsy blood cultures, and blood cultures referred from other hospitals (where the patient was not admitted to one of the study centers) were excluded from the study.
Study methods. An experienced reviewer examined medical records for each enrolled patient. All patient and microbiologic data were recorded onto a standardized collection sheet. Based on clinical parameters at the time of infection, the number of positive blood cultures out of the total number drawn, results of other cultures, pathology findings, imaging results, and clinical course, each positive culture was classified as being clinically significant or not. Outcome measures included length of stay and hospital charges. Length of stay was calculated based on the dates and times of admission and discharge or death as recorded in the patient care computer system. Hospital charges were obtained from the business office computer system; physician charges were excluded from these analyses.
Definitions. An episode of BSI was defined from the time the first positive blood culture was obtained (designated T0). The time to notification of patient care staff (calculated as the number of hours between T0 and the time when a blood culture Gram stain result was called) was divided into four categories: Ͻ24, 24 to 47, 48 to 71, and Ն72 h. Time to notification was used as the predictor variable rather than time to detection because no patient care decisions could be made (potentially affecting the outcomes) until the blood culture results were made available to patient care staff. We utilized the Charlson index (4) to assign an underlying illness score for each patient. The index assigned points based on the ICD-9 codes for the relevant admission.
Microbiologic laboratory processing. Both centers used the BacT/Alert 3D microbial detection system (bioMérieux, Marcy l'Etoile, France) with FAN aerobic and standard anaerobic bottles. This system monitors carbon dioxide production within each bottle every 10 min 24 h per day. Bottles identified as positive were immediately removed from the instrument between the hours of 7 a.m. and 11 p.m., and an aliquot was taken for Gram stain and subculture onto appropriate solid media. Bottles signaling positive between 11 p.m. and 7 a.m. were processed during the period from 7 to 8 a.m. Negative bottles were discarded after 5 days of incubation.
Statistical methods. All statistical analyses were restricted to clinically significant cases, to adults older than 16 years of age, and to patients who were still alive at the time the Gram stain was called. A second set of statistical analyses was performed using only the first episode from each patient and excluding all second and subsequent episodes. Univariate analyses (see Table 2 ) were performed using the nonparametric Kruskal-Wallis test for the dependent variable and a single independent classification variable. The continuous classification variables were analyzed using Spearman correlation to determine the strength of the linear association. All statistical analyses were performed using the SAS software program, version 8.2 (SAS Institute, Cary, N.C.).
To adjust for covariates, the multiple regression models were constructed in three stages. First, potential correlates of the outcomes were grouped into two categories: patient level variables and microbiology level variables. Second, preliminary models were run to determine significant factors from both categories. Third, all independent variables in each model associated with the outcome variable (P Ͻ 0.1) were retained and evaluated in a final combined model. Variables significant at an alpha of 0.05 were retained.
Univariate analyses of the charge outcomes were performed using a one-way analysis of variance test for an unbalanced design. All charge (dependent) variables underwent log transformation to linearize the regression model since distribution of residuals was positively skewed. Multiple linear regression models were constructed using PROC GLM with stepwise variable selection.
The SAS LIFEREG procedure was used to apply survival analysis based on parametric accelerated failure time regression to examine the influence of the explanatory variables on time to discharge from the hospital or on time to death in the hospital. In the former situation, patients were censored at the time of discharge, while in the latter situation, patients were censored at time of death. With either outcome, the regression models having a parametric Weibull residual hazard distribution fit the duration data significantly better than did the comparable exponential models, and all inferences concerning the explanatory variables are based on the Weibull models.
RESULTS
A total of 1,800 positive blood culture episodes were considered. Exclusion of 768 contaminated samples, 103 children, and 12 patients who died before the Gram stain could be called resulted in a study population of 917 cases of BSI that could be evaluated. Thirty-seven of the 917 cases were repeat (second or subsequent) bacteremias in the same patient. The distribution of organisms and the cumulative percentages of positive results called to the attention of patient care providers within 24, 48, and 72 h are shown in Table 1 . Gram-positive pathogens caused the majority of BSIs, with Staphylococcus aureus being the most common pathogen overall, followed by Escherichia coli and coagulasenegative staphylococci. The mean time from T0 until the Gram stain was called (notification) was 27.6 h (range, 5.1 to 127.5 h). Selected demographic, clinical, and outcome variables for patients with BSI categorized by time to notification are presented in Table 2 .
Factors showing univariate associations with a shorter time to notification among patients with BSI included admission to general medicine or hematology-oncology departments, higher body temperature and respiratory rate, higher percentage of immature neutrophils (bands), and an absence of any indwelling lines or tubes (Table 3) . Total white blood cell count did not achieve a statistically significant univariate association with shorter time to notification (P ϭ 0.14).
Multiple linear regression models were constructed to examine factors associated with microbiology laboratory and total hospital charges. Length of stay and host factors, including admitting service, presence of an endotracheal tube, and underlying illness score, were significant predictors of both increased microbiology laboratory and total hospital charges (Tables 4 and 5 ). Microbiologic factors associated with higher charge outcomes included the number of blood cultures obtained, nosocomial acquisition of BSI (as defined by the Centers for Disease Control and Prevention [10] ), and polymicrobial BSI. Gender was an independent predictor of total hospital charges only.
These models were repeated when only the first episodes of bacteremia were included and were essentially unchanged (data the admitting service, gender, and age had significant association with length of stay after the index positive blood culture (T0 to time of discharge or death) ( Table 6 ). Microbiologic factors, including time from T0 until notification, organism group, and nosocomial acquisition, were strongly associated with length of stay after T0 for patients with BSI. While none of the organism group subset analyses were significant, infection with anaerobes or gram-negative organisms was associated with a shorter time to notification than was infection with yeasts or gram-positive organisms. Nosocomial acquisition of BSI resulted in the largest duration ratio, with length of stay being significantly extended, by 1.56 times, compared with that associated with community acquisition of BSI. A second accelerated failure time regression analysis restricted to patients who died demonstrated that host factors and severity of illness at T0, including a white blood cell count of less than 1,000, presence of an endotracheal tube, lower body temperature, older age, and tachypnea, were strongly associated with shorter time to death (data not shown). Organism group was also significantly associated with shorter time to death; patients with a yeast BSI died more quickly than did those with a bacterial BSI. Finally, this analysis was repeated with only the first episodes of bacteremia included and the results were found to be unchanged (data not shown).
DISCUSSION
This prospective study of over 900 episodes of BSI is one of the largest recent studies examining clinical outcomes related to BSIs (6, 9, 15, 16, 22, 31) . Since none of the previously published prospective studies examined either length of stay or hospital charges as an outcome variable, our data provided a unique opportunity to study these patient care outcomes as they related to microbiologic predictors in a diverse population in hospitals from two different regions of the country.
While there was no control group for which a nonautomated continuous-monitoring blood culture system was used, the differential times to notification among the 917 patients included in the study afforded an opportunity to examine the effects of a shorter time to notification on outcomes. Surprisingly, we found that microbiologic factors had a minimal association with microbiology laboratory and total hospital charges for patients with BSI. However, microbiologic factors, including time to notification, were significantly correlated with length of hospital stay for patients with BSI.
On univariate analysis, we determined that a shorter time to notification was found for patients with clinical evidence of infection (i.e., fever, tachypnea, or presence of more immature neutrophils) and a higher organism burden (i.e., more positive blood cultures with the same organism). Additionally, patients without invasive devices and not in intensive care units (ICUs) had a shorter time to notification.
Analysis of factors associated with higher microbiology laboratory and total charges for patients with BSI indicated that length of stay was one of the primary predictors, as was the total number of blood cultures drawn during hospitalization. Although the number of blood cultures drawn may be a partial surrogate for length of stay, this factor was an independent predictor of charges even with length of stay included in the model. The Charlson index was an independent predictor of both microbiology laboratory and total hospital charges, indicating that severity of illness was a potential confounder and an important covariate, as previously reported by others (3, 25, 28) . Interestingly, host factors serve an important role in predicting both microbiology laboratory and hospital charges, while microbiologic factors, which included polymicrobial and nosocomial BSIs, have only a subsidiary role. Polymicrobial BSIs have been associated with poorer outcome, independent of the patient's underlying disease or the organism group caus- ing the infection (22, 30) . Nosocomial BSIs often are confounded by underlying disease status and severity of illness. Microbiologic factors play a much more important predictive role in the length of time from bacteremia until discharge. Time from T0 until notification was a significant predictor of length of stay from T0 to discharge. This time period encompasses transit time from the location of the blood draw to the microbiology laboratory, processing of the bottles, incubation until the machine signals a positive result, waiting overnight until day shift staff arrive to pull the bottle, Gram stain of the bottles, and calling of patient care staff. The machine incubation almost always accounted for the vast majority of this time period, indicating that the earliest possible detection of microbial growth is associated with shorter lengths of stay. While the duration ratio of 1.004 indicates that the magnitude of this effect is small (length of stay is increased by 1.004 per hour of time to notification), a shorter time to detection is a significant independent predictor of length of stay even with organism group in the regression equation.
The results of our study are consonant with those from a number of published reports indicating that BSI is associated with increased length of stay (7, 21, 23, 29) and with increased costs (7, 21, 23, 26, 28) . Our study, which was not designed to include a control group, cannot assess the relative contribution of BSI to length of stay or charges within the context of underlying or preexisting illness. Our data indicate that time to notification significantly impacts length of stay for patients with BSI, with overall length of stay (P ϭ 0.0016) as well as length of stay after diagnosis of BSI (P ϭ 0.0331) being increased in stepwise fashion with length of time to notification. We also found that microbiology laboratory charges (P Ͻ 0.0001) and total charges (P ϭ 0.0011) increased in a similar stepwise fashion for patients with BSI.
One potential criticism of this study relates to our use of the Charlson index (4) to assess severity of underlying illness. This standardized score index was initially developed for outcomes of noninfectious diseases (11) . Nevertheless, the Charlson index was chosen because it was developed to assess underlying illness in a general medicine population rather than acuity of current illness. Most acuity of illness scores were developed for ICU patients and do not predict nosocomial infection rates well (12) .
Another potential limitation is that our sample may not be representative of the overall population of patients with bacteremia. All patients with bacteremia in the two hospitals between February 1999 and July 2000 were enrolled. The two hospitals were located in geographically diverse areas, served different primary patient populations, and had different academic affiliations. In addition, a complete range of patient care services was offered between the two institutions. Nevertheless, hospital charges and length of stay vary considerably within and between regions, and these data may not be representative of other facilities in the United States.
Additionally, hospital charges were utilized rather than actual cost. Hospital charges are obviously greater than either costs or revenue, and thus our charge data may not be directly comparable to other published data examining costs (7, 21, 23) . Differences, however, should be randomly distributed and applicable to all patients enrolled in our study, making the analysis of charges viable.
Our data suggest that increased time to notification of BSI is independently associated with increased length of stay. While host factors most often cannot be changed, time to notification can be improved. We conclude that time to notification of BSI is an obvious target for focused strategies aimed at decreasing this period of time. Clearly, use of the newest generation of automated continuous-monitoring blood culture systems, which shortens the period of time needed to obtain a positive result, should impact length of hospitalization. Additionally, microbiology laboratories should focus on other methods to decrease time to notification, including decreasing transit time from patient care areas to the laboratory, prioritizing processing of blood cultures and Gram stain results (including during night shifts), and communicating Gram stain results immediately to patient care staff.
